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INTRODUCTION

New multilayer antireflective coatings are being developed for
protective use on laser windows. These coatings consist of alternating
layers of aluminum nitride and aluminum oxide, which are stable and
scratch resistant. Both materials have large bandgaps and are highly
transparent from the ultraviolet to the infrared, thus making them
ideal for use with many laser systems.

Both two- and three-layer designs have been developed for use
at certain wavelengths. The two-layer design was based upon the work
of Cox and Hass (Reference 1) and uses aluminum oxide as the outer
material. This is particularly desirable since Al 203 is resistant to
moisture as well as to fluorine. The three-layer design was developed
by applying the works of Baer and Mouchart who have determined
techniques which allow for much design flexibility (References 2 and 3,
respectively). This flexibility is the result of an extra degree of
freedom which may be used to optimize the design with respect to low
absorption, large bandwidth, good adherence, or ease of fabrication
(Reference 4).

Preparations of the films have been achieved by numerous techniques
including reactive sputtering and evaporation, chemical vapor
deposition, ion plating, activated decomposition of organometallic
compound vapors, aluminum anodization, and laser-assisted deposition
during electron beam evaporation (References 5 through 36).
In this study, the methods of dc magnetron, ion beam, and rf diode
sputtering have been used to deposit single layers and multilayers.
Films prepared by these techniques have typically been shown to be
stoichiometric and of high packing density.

Studies on the reactions of the multilayer materials with fluorine,
electron beam irradiation, and humidity as well as on their damage by
laser radiation will be discussed. The main techniques used for
analysis and characterization of the films after exposure to the above
environments are scanning Auger microscopy (SAM), scanning electron
microscopy (SEM), energy dispersive X-ray microanalysis (EDX), X-ray
photoelectron spectroscopy (XPS), and Nomarski microscopy.

3
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MULTILAYER DESIGNS

The choice of materials, AIN and A12 03 , necessitate the use of
multiple-layer design techniques for obtaining zero reflectance.
Both materials have high transmittances at the wavelength of interest
(i.e., O.500um), but by themselves cannot accomplish the reflectance
requirement. These materials have been prepared with indices of
refraction which allow for production of zero reflectance coatings.

Since quarter-wave designs which produce zero reflectance are not
possible, general solutions to the two- and three-layer cases must be
used. These solutions allow flexibility in the choices of layer thick-
nesses, which is very desirable from the standpoints of absorption in
the layers and film preparation.

* Absorption in the layers is a problem which normally must be
accounted for when designing multilayer systems, but the design tech-
niques utilized in this study do not include this factor. Thus, an
indirect approach should be used such as optimizing the solution
through manipulations of layer thicknesses (Reference 2).

TWO-LAYER DESIGN

As discussed by Cox and Hass (Reference 1), for zero reflectance,
when the ultilayer consists of two layers whose thicknesses are not
related by integral multiples of each other, one obtdins:

tan= rj-r3+r2(1-rr3) (1)
tan 2  rj-r3-r2(i-rjr3)

and tan,1 tan 2  - r +r3+r2(l+rlra) (2)
rl+r3-r2tl+rlr3)

- - ,2wnili

where =, - rnj _ 2wXj,

and rj - nj-.+nj •

Note that nj is the index of refraction of the jth layer, lj is its

thickness, and A is the design wavelength.

4
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Equations (1) and (2) may be written in the form:

= tn( + n1 3nl(n2_nOn3) 1/2 m
X_1 tan- [(-TL Q ±-l!d (I 2 ~) )2] + ML(3)

2w (n, 2 n3-n2
2no)(non 3-n 

2) 2

and X2 = 1 tan-1 [±( n22 (nj-np)(nn3-n12I ) /2] + , (4)
2w (n, 2n3-n2

2no)(n 2 
2-non 3 ) 2

where m, = 0, ±1, ±2,

and m2 = 0, ±1, ±2,....

Thus, one may obtain a series of IXs and X 's and hence a series
of physical thicknesses, l's and 12'S. Note t-at equations (3) and
(4) imply four possible pairs of solutions for each m, and m2 set,
but in actuality only two of these pairs will satisfy equations (1)
and (2).

Applying equations (3) and (4) to the present case of interest,
where no=1.00, nl=1.60, n2=2.00, n3=1.46 (these are the incident
medium, outer aluminum oxide layer, inner aluminum nitride layer,
and fused quartz substrate indices of refraction, respectively),
and X=0.500pm, a zero reflectance choice of thicknesses is then
given by l1=0.0631pm and 12=0.0832um. This configuration is shown
in Figure 1. From this information, and assuming no absorption in
the layers, normal light incidence, and constant indices of refraction
for the wavelength region 0.3 to 0.9gpm, the transmission spectrum has
been determined using a program developed by Loomis (Reference 37).

This spectrum is shown in Figure 2 as a function of wavelength.
As can be seen, there is 100% transmission at 0.500um and a bandwidth
of approximately 0.06pm with a reflectance loss of 0.5% or less.
The normalized electric field intensity as a function of depth into
the layers is shown in Figure 3 and was determined by Elson
(Reference 38). It is apparent that the electric field minimum occurs
in the thicker aluminum nitride layer. This is advantageous from the
standpoint that the aluminum nitride layer Is the more absorbing
material as shown by preliminary absorption measurements.
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THREE-LAYER DESIGN

Based upon the works of Baer and Mouchart (References 2 and 3,
respectively), an analytic solution for a general three-layer
antireflective coating has been utilized. According to Baer, Smith's
theorem may be used when determining what conditions must be applied to
obtain zero reflectance. These conditions indicate that both the real
and imaginary components of the Fresnel coefficients must vanish.
Then, as discussed by Baer, one obtains:

1 r22+rl 2 _ Irb 2(1+r22r,) m1
X= t 4w c1 [ 2r 2 rl(Irb12_) -] + 2, (5)

I m

and X2  (6 a +6b) + 22 (6)

where ra = r2+rl exp(-4rXi) ()I+r2r, exp(-4 XzT'(

rr+r4 exp(-4.X3i) (8)
lb +r3r4 exp(-4xi)1

! njlj
and X n - l (9)

m, = 0,±1,±2, ...

M2 = O,t1,±2, ...

7



NWC TP 6651

Note that 6a and 6b refer to the phases of ra and rb
respectively and that the Xj and r- are as defined earlier.
Hence, for a choice of X3 , and given he indices of refraction of
the layers, one may obtain a series of solutions. Note that there
are two series of solutions for each X3.

A computer program in the language of Fortran has been written
which calculates and then plots the solutions of X1 and X2 as
functions of X3 given the indices of refraction and design wavelength.
A listing of this program may be found in the Appendix.

Figure 4a shows a plot of X1 and X2 as functions of X3
for A=0.500um, no=1.00, n1=2.00, n2=1.60, n3=2.00, and n4=1.46.
Figure 4b shows a similar plot with x=0.500 jim, no=1.00, n1=2.00,
n2=1.60, n3=2.00, and n4=1.44. These indices of refraction correspond
to the incident medium, aluminum nitride layer, aluminLn oxide layer,
aluminum nitride layer, and fused quartz substrate (Figure 4a) or

* calcium fluoride substrate (Figure 4b), respectively. Note that
4the solid curves correspond to the first solution and the dashed

to the second.

A particular solution from the results shown in Figure 4a is
X3=0.250, X1=0.447, and X2=0.326. Hence, 1 =0.112im, 12=0.10211m,
and 13=0.625pm. This configuration is shown in Figure 5.

As in the two-layer case, a plot of the transmission spectrum
as a function of wavelength is shown in Figure 6 (for the particular
solution discussed above). Again, there is 100% transmission at
0.500m as expected, but the bandwidth at a reflectance loss of 0.5%
is reduced to approximately 0.02um. Hence, from the standpoint
of bandwidth, this design is not as desirable. The normalized electric
field intensity is shown in Figure 7. In this case, the electric field
minimum again occurs in one of the aluminum nitride layers, with the
maximum occurring in the aluminum oxide layer. Thus, as in the
two-layer case, the design appears to be a favorable choice from the
standpoint of absorption.
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SAMPLE PREPARATION

Several single-layer samples and one three-layer sample were
deposited onto substrates of fused quartz, calcium fluoride, or
silicon. Substrate diameters were 1 inch and thicknesses were
0.063 inch, 0.058 inch, and 0.023 inch, respectively. Very thin layers
of Ag/Cr/Mo, Au/Cr/Mo, or Au/Cr were deposited onto some of the
substrates prior to AlN or A1203 deposition for the purpose of aiding
in eliminating charging problems during analysis. Tables 1 and 2
contain lists of the specimens prepared along with any pertinent
information relating to their depositions for depositions in the
dc magnetron and rf diode sputtering systems, respectively.
Approximate deposition temperatures for the two systems were 160C
and 3000 C, respectively. Note that samples on Si or on aiding layers
were used as witnesses. Sample M-177 of A1203, prepared in the ion
beam sputtering system, was deposited on aiding layers of Au/Cr with
a substrate of Si. The approximate gas pressure was 1.5 x 10-4 torr
of Ar, deposition was at room temperature, and the estimated film
thickness was 2800A. Table 3 contains information regarding the
purities of the materials used (for the various depositions) and
their suppliers.

Most of the samples were deposited using a dc magnetron sputtering
system with a 5-inch Varian sputter gun (samples listed with a NT"
before their numbers; see Table 1). Some samples were prepared in a
Randex model 2400 rf diode sputtering system (samples with an "S"
before their numbers; see Table 2). One sample was prepared by
ion beam deposition using an Ion Technology, Inc., 2.5mm ion gun
(as indicated by an "M" before the sample number above).

11
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TABLE 1. Information on Samples Prepared in dc Magnetron System.

Approximate Estimated
Sample Film Aiding Gas Pressure Film Thickness
Number Material Layers (torr) Substrate (A)

T-261S AIN 3 x 10-3 N2  Fused Quartz 2030

T-265S AIN 1.5 x 10- 3N2  Si 2000
1.5 x 10- 3Ar

T-266S AIN Ag/Cr/Mo 3 x 10- 3N2  Fused Quartz 2000

T-268S AIN Ag/Cr/Mo 1.5 x 10-3 N2  Fused Quartz 2000
1.5 x 10-3 Ar

T-270S A1203  - 3 x 10-402 Fused Quartz 2000
2.7 x 10-3 N2

T-276S AiN - 1.5 x 10- 3N2  CaF 2  2000
1.5 x lO-3Ar

T-2815 AIN - 3 x 10- 3 N2  CaF 2  4000

T-289S (a) AIN (a) 3 x 10-3N2  Fused Quartz (a) 1120
(outer)

(b) Al0 - (b) 3 x 10"402 (b) 1020
(miidie) 2.7 x 10-3 N2

(c) AIN (c) 3 x 10-3N 2  (c) 625
(inside)

T-290S AIN Ag/Cr/Mo 3 x 10- 3N2  Fused Quartz 2000

T-290S AIN Au/Cr/Mo 3 x 10-3N2  Fused Quartz 2000

T-297S AIN Au/Cr 3 x 10-3N2  Si 2800

12
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TABLE 2. Information on Samples Prepared in rf Diode System.

Sample Film Approximate Gas Pressure Film Thickness
Number Material (torr) Substrate (A)

S-826 A1203  8 x 10-402 Fused Quartz 2100
7.2 x 10-'N 2

S-827 AIN 2 x 10-3 N2  Fused Quartz 7000
6 x 10-3 Ar

S-833 A1203  8 X 10402 Fused Quartz 2100
7.2 x 1O-3 Ar

S-834 AIN 2 x 10-3N 2  Fused Quartz 7000
6 x 10-3 Ar

S-835 AIN 8 x 10-4 N2  Fused Quartz 7000
7.2 x 10-3Ar

TABLE 3. Purities of Materials Used in Sample Depositions.

Material Purity Mf) Source

Al 99.999 Specialty Metals Division of Varlan

A1203  Unknown Microelectronics Branch, NAVWPNCEN

Au 99.999 American Smelting Company

Mo 99.999 American Smelting Company

Cr 99.996 Specialty Metals Division of Varian

13
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The three-layer sample was prepared according to the 0.500m design
discussed previously (particular solution). Indices were assumed to be
2.00 and 1.60 for AlN and A120 3, respectively, and the materials were
deposited until the necessary thicknesses had been obtained. Although
the indices of refraction have not been accurately determined in this
study, many researchers have previously determined them to range from
1.70-2.15 for AlN and 1.42-1.79 for A1203 (References 5, 6, 16, 23, 25,
26, 28, 29, 30, 35, and 36), implying that the assumed values are
realistic. Furthermore, recent laboratory studies indicate that the
assumed indices are more likely.

A transmission spectrum of the three-layer sample coating over the
wavelength region of 0.3 to 0.9pm was measured using a Beckman DU-7
UV/VIS spectrophotometer. This spectrum is shown in Figure 8.
In comparison to the theoretical spectrum shown in Figure 6, it is
apparent that the two are similar in curve shape, but some additional
tuning is necessary in the experimental sample preparation to more
closely approximate the theoretical curve. The experimental maximum in
transmission of 98.8% occurred at 0.553pm. By the use of a program
written by Loomis (Reference 37), variations in the thicknesses and
indices of the layers were made to attempt to determine what changes
would cause a calculated transmission spectrum to approach the
appearance of the experimental spectrum. It was found that the
differences between the two spectra is a combination of a need to
determine the actual film indices and to measure more accurately the
deposition rates of the materials. At this time, efforts are being
made to accomplish these tasks.

14
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FILM STRUCTURE

Study of the structures of both single and multilayer films were
made using a scanning electron microscope. The films were coated with
thin layers of Au (approximately 150A) to avoid charging problems.

Shown in Figures 9a and 9b are typical top and cross-sectional
views of an AlN single layer. This film was sample number T-297S
prepared in the dc magnetron system. Figures 10a and 10b show top
and cross-sectional views of an A1203 single layer prepared in the
ion beam system (sample M-177). Figures 11a and 11b show top and
cross-sectional views of the AIN/A1 20 3/AIN multilayer (sample T-289S)
prepared in the dc magnetron system. In the last case, the three
layers can be distinguished.

*Many defects are apparent on the surface of the AlN single and
multilayer films. It is not known at this time whether the defects are
growth defects of a nodular type or whether they are bubbles or splat-
ters on the surfaces only. These defects are typically on the order of
5-10m in diameter. The A1203 specimen is of a much finer surface
structure, although smaller defects (approximately lpm in diameter) are
apparent on it also. Figures 12a through 12c show magnified views of
the AlN, A1203, and multilayer defects, respectively.

The cross sections or side views of the AlN layers display columnar
growth type structures. It has been determined by transmission elec-
tron diffraction that these films are polycrystalline. The side views
of the A120 3 layers show much smoother textures, with no columnar
growth structures apparent at the magnifications achieved in these
experiments. A pattern was not obtained from the diffraction studies
for the A1203, and hence it is probably amorphous. Note that the A1203
single layer and multilayer specimens were prepared in different
sputtering systems, but the texture of the A1203 still remains similar
in the two cases.

From electron spectroscopy for chemical analysis (ESCA) studies,
AlN materials have been determined to be 95% stoichiometric with the
remainder consisting mostly of A1203 . A1203 films have been shown to
be 99% stoichiometric.

16
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FIGURE 9. Topography of AIN Single Layer. FIGURE 9. Cross Section of AIN Single Layer.
(a) (b)

FIGURE 10. Topography of A1201 Single Layer. FIGURE 10. Cross Section of A1203 Single Layer.
(a) fbo

FIGURE It. Topography of AIN/A120.IA1N Multilayer. FIGURE It. Cross Section of AlN/A1203/AIN Multilayer.
(a) (b)
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FIGURE 12. Enlargened Top View of AIN Single Layer Defect.
(a)

1

FIGURE 12. Enlargened Top View of A1203 Single Layer Defect.
(b)

FIGURE 12. Enlargened Top View of A1N/A1203/AlN Multilayer Defect.
(C)
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RESULTS

Results have been obtained on sample behavior following exposure to
laser radiation, fluorine, electron beam irradiation, and humidity.
The samples studied were discussed earlier, and will be referred to by
their designated sample numbers. Not all samples given earlier will be
discussed since some were only used for obtaining preliminary spectral
information and since experimental difficulties were encountered during
analysis with others which were associated with film quality and
charging problems.

LASER RADIATION

The effects of laser radiation on the multilayer sample were
studied with a Phi 600 scanning Auger microscopy system (after
damage). The sample surface was cleaned during analysis by sputtering
with Ar ions using an accelerating voltage of 4kV. For S102, an
approximate removal rate has been determined to be 40A/min.

A pulsed dye laser in a triaxial configuration was utilized for
damaging the film at a wavelength of 0.497um. The first step in the
laser damage study was to scratch crosshairs onto the film on opposite
sides of its center along a sample diagonal. These crosshairs were
then used as index marks for locating five equally spaced sites between
them. Each site was then irradiated in air with a few laser pulses of
increasing energy density. The pulse shape was a 1mm diameter flat top
(± 5% flatness) with a duration of 0.55ps. Film breakdown thresholds
were roughly determined by observing the beginning of film changes with
a video microscopy system (VIMS). Note that no attempts were made in
this study to determine actual damage thresholds of the materials.
The main purpose of this study was to determine the behavior of the
film after exposure to laser radiation.

Table 4 lists the energy density of each shot for the five sites.
Shown in Figures 13a through 13e are portions of the centers of each of
the five sites. These figures in comparison to a typical undamaged
site (such as that in Figure 11a) show an increasing number of damage
craters with respect to defects for an increasing energy density.
Site 1 shows mostly defects plus some small damage craters. Sites 2
and 3 show more and larger damage craters with a reduced number of
apparent defects. Site 4 shows the beginninq of damage crater
agglomeration, and Site 5 shows many small pit marks which appear to
lay at the centers of what were originally damage craters (the pits are
at the centers of circular patterns which resemble agglomerated
craters). In addition, for Site 5, it is apparent that there is a loss
of much of the outer film.
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FIGURE 13. Damage Site I Showing Small FIGURE 13. Damage Site 2 Showing More and Larger

Damage Craters Amongst Defects. Damage Craters Amongst Defects (than Site 1).

(a) (b)

d

InE

12<)IIJO)

FIGURE 13. Damage Site 3 Showing a Reduced Number of FIGURE 13. Damage Site 4 Showing
Apparent Defects and More Damage Craters (than Site 2). Agglomeration of Damage Craters.

(c) (d)

FIGURE 13. Damage Site 5 Showing Small Pitmarks and Loss of Much of Outer Film.
(e)
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TABLE 4. Laser Energy Densities for the Five Damage Sites.

Energy Density (J/cm2)

Site 1 Site 2 Site 3 Site 4 Site 5

1st pulse 3.2 9.2 12. 20. 50.

2nd pulse 5.9 9.2 - - -

3rd pulse 9.4 -...

The approximate number of defects for typical portions of the film
where no damage was done is 70 (see the sampling area of Figure 11a for
an example). For Sites 1 and 2, the number of damage craters plus
defects which did not damage are approximately 60 and 70 (in the same
size sampling area), respectively. These are similar to that of the
undamaged site, which implies that damage is initiating at defects.

* For Sites 3 through 5, the number of craters plus undamaged defects is
large in comparison to the number of defects on the undamaged site,
increasing in number with increasing energy density (assuming the pit
marks of Site 5 are indeed the centers of what were originally damage
craters), although few apparent defects remain on the sites. These
results support damage initiating at the defect sites, with some other
possible mode(s) of damage (e.g., caused by non-observable defects)
also contributing to the cratering.

Auger spectra were obtained for some of the damage sites. Thin
layers of gold were deposited on the films prior to the study and then
removed by Ar ion sputtering (as discussed earlier) just until Auger
peaks corresponding to the underlying film were obtained. Figures 14a
and 14b show spectra obtained at Site 2. Figure 14a illustrates a
portion of the damage site which appeared to be unaffected by the laser
radiation (herein referred to as smooth film) and Figure 14b was taken
within a damage crater. It is apparent that the smooth film consists
mostly of AIN and the crater site consists of AIN plus A1203. Similar
spectra were obtained for some of the other sites, where the spectra
from the craters always showed an increase in A1203 with respect to
AIN. In addition, when comparing damage sites, it is apparent that the
amount of A1203 with respect to AIN increased with increasing energy
density. Figure 15 shows the spectrum obtained on a smooth portion of
the film at Site 4. A possible explanation for the growth of the oxide
peak is the dissociation of some of the surface AIN, and then combina-
tion of the Al with oxygen to form A1203 (recall that these studies
were performed in air). Thus, the amount of oxidation of AIN would
increase with energy density. In addition, the larger oxide peaks in
the craters may be explained by assuming that these are positions on
the film where the energy was absorbed more, or not conducted away as
quickly, hence resulting in temperature buildup and more oxidation.
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FIGURE 15. AES Spectrum of Smooth Film Portion of Site 4.
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FLUORINE EXPOSURE

Single layer samples T-297S and M-177 of AIN and A1203,
respectively, were exposed to 10% HF in Ar for 1 hour, and were then
examined for fluorine penetration.

EDX was initially used to detect the fluorine. Since this
technique examines the constituents of the materials to a much greater
depth (on the order of a micron) than a technique such as AES, any
severe fluorine penetration should be detected. Fluorine was not
detected in either the AIN or A12 03. Hence, either the fluorine had
not penetrated the material to a very great depth, or the fluorine
concentration was low (low atomic number materials have low X-ray
intensities due to low fluorescence yield and high sample absorption;
see Reference 39).

AES and XPS were then used to analyze the film makeup since the
results of the EOX had indicated no great depth penetration of the
fluorine in either film. With these techniques, fluorine was
observed. Figures 16a and 16b display AES profiles of the AIN and
A1203 films, respectively. Note that the AES system used in this case
is a Physical Electronics 548 Auger/ESCA system, which employed a
1V 1kV beam of Ar ions for sputter removal. For S102, a removal rate of
15A/min. is typical. Assuming this rate for AIN and A1203 yields
approximate depth penetrations of 30-45A for both films, although the
fluorine appears to drop off (with depth) at a slightly higher rate in
the A1203 film.

ELECTRON BEAM IRRADIATION

During surface studies such as SEM and SAM, physical changes of the
AIN and A1203 films were observed. Dark spots indicating changes in
electron yields were observed at positions on the films where the

. electron beams were concentrated. At this time it is uncertain whether
these changes were temporary (i.e., caused by contaminants being
deposited on or removed from the film surfaces) or permanent. It is
important to note that, as discussed earlier, it was necessary to coat
the films with thin layers of a conducting material such as Au to avoid
charging problems.

HUMIDITY

Single layer samples T-297S and M-177 of AlN and A1203,
respectively (several sister samples were produced, resulting in the
availability of a "fresh" sample for each study), were exposed to 95%
relative humidity at 60*C for 24 hours. With the use of a Nomarski
microscope, no change in the A1203 sample was observed although the AIN
showed signs of degradation.
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FIGURE 16. AES Profile of AIN0 Single Layer Exposed to Fluorine.
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CONCLUSIONS

The theoretical aspects of the AIN/AI 20 3 multilayer designs indi-
cate that perhaps the two-layer case may be more useful because of its
bandwidth. At a reflectance loss of 0.5%, it has a bandwidth three
times the size of that of the three-layer design. Although is has not
been discussed in this study, simple calculations show that a two-layer
quarter wave design is possible with a low reflectance (less than
0.005). This may be a more practical design. In this study, a film
corresponding to the three-layer design was prepared and transmission
results indicated a need to determine more accurately the indices of
refraction and deposition rates of the materials.

Film structure studies indicate that defects are apparent on both
the AIN, A1203 , and AlN/A1203/AIN multilayer samples. The defects on
the A1203 appear to be smaller (approximately lon in diameter as com-
pared with 5-10im for the AIN single and multilayer films). The growth
structure of the AIN is columnar, whereas that of the A1203 is much
smoother (no structure is observed at the SEM magnifications used in
this study).

Laser damage studies indicate that multilayer damage initiates pre-
dominately at defect sites. In addition, SAM studies indicate that the
AIN outer layer of the multilayer oxidizes upon exposure to laser radi-
ation in air. The amount of oxidation increases with increasing laser
energy density and is also greater within damage craters than on por-
tions of the film which appear to be unaffected by the laser radiation.

Fluorine exposure studies show depth penetrations of approximately
30-45A (assuming the same sputter removal rate of AIN and A1203 as
Si0 2 ) in both films with the fluorine dropping off with depth at a
slightly higher rate in the A1203.

Surface analysis techniques such as SEM and SAM indicate a
sensitivity of the films to the electron beams. It is not certain
whether the film changes after electron beam exposure are permanent.

After exposure to humidity, an A1203 sinqle-layer film underwent no
observable change, although a AIN single-layer film exposed to the same
condition degraded.

Most importantly, it is apparent that the use of an AIN/A1 203
multilayer in the environments described above dictates that A1203
should be the outer material.

Overall, both films appear to be durable and relatively easy to
prepare as a multilayer system. These studies are continuing and clean
room techniques are being applied to achieve films with fewer defects.
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APPENDIX

COMPUTER PROGRAM ANTIREF FOR CALCULATING
THREE-LAYER ANTIREFLECTION COATING SOLUTIONS

The following program calculates the thickness solutions for zero
reflectance from a three-layer thin film system (based upon the work of
Baer; reference 2).

C ANTIREX.FOR
C
C
C LESLIE G. K3Sh!G0E
C
C
C APRTL 9, 19E4
C

C THIS PRCGRAK CALCULATES THE THICKNESS SOLUTIONS FOR ZERO
C REFLECTANCS FROP A THREE LAYER THIN FILP SYSTEM EASED UPON
C THE WORY OF A.O. BAER (REPORT O MULTILAYER FILM PROGRAM FOR
C JULY, 1S76 - SEPT., 1977; NAVAL WEAPCNS CENTER, CHINA LAKE,
C CALIFE2PKA). THE FILP IS ASSUMED TO BE LOSSLESS AND CERTAIN
C INPUT PARAMETERS ARE RECUIRED (WAVELENGTH OF RADIATION AND
C IhDCES OF REFOACTION)%
C
C
C THE OPTICAL THICKNESSES FOR LAYERS ONE AND TWO (OUTER AND
C KICCLE LAYERS, RESPECTIVELY) ARE PLOTTED AGAINST THAT FOR THE
C THIRD LAYER CON SUBSTRATE). THUS, THE USER MAY CHOOSE A
C DESIRABLE THIRD LAYER THICKNESS AND READ OFF THE THICKNESSES
C NECESSAPY FCR THE OTHER LAYERS. NOTE THAT THERE ARE TWO
C SOLUTICKS FCR THE FIRST AND SECOND LAYER THICKNESSES FOR
C EVERY TPIRD LAYER THICKNESS (WHERE A SOLUTION IS POSSIBLE).
C THESE SOLUTIVNS ARE OISTINSU!SHEF BY SOLID AND DASHED LINES.
C ALSO N:T! THAT SOLUTIONS EXIST FOR EVERY MULTIPLE OF A HALF-
C WAVE FOR THE OPTICAL THICKNESSES.

C
C
C THE PHYSICAL THICKNESSES ARE NOT CALCULATED IN THIS PROGRAM.
C ALTHOUGP THEY MAY E DETERMINED FROM:
C TI z (X1*WVLGTH)/NIT
C WHERE TI DENOTTS THE THICKNESS OF LAYER I, XI DENOTES THE
C aPTICAL THICKN SS OF LAYER I* WVLGTH DENOTES THE WAVELENGTH
C OF T"! VJCICEN

T 
RAOIATCN, AND NI DENOTES IHE INDEX OF REFRAC-

C TI"6N O LAYER 1.
C
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C
C DEcIN:TCN Or PARAMETERS:
C WVLGTH -WAVELENSTH OF IMPINGENT RACIATION (FREE SPACE)@
C M!C RONS,
C NO INCEX OF RECRACTION CF ATMOGSPHERE.
C N! z ICSX OF REPRACTICN OF LAYER It

CNZ? !NCfX OF rE RACTI:K OF LAYER 2.
C N3 z INDEY Or RECRACTION V LAYER 3,

C ?:4= TN!N X Cc REPRCTION 09 SUSSTRATS,
C RIO a cRESNEL CCEF=ICIcENT 3ETkeEEN LAYER I AND ATMOSPHERE,
C Q21 = 9RESNFL COrFFICI=tKT BETWEEN LAYERS 2 AND is

C P3 RSE CCFFI ENIT SETWEEN LAYERS 2 AND 3,
C ;!4 . FRESNEL COE-FFICIENT BETWEEN LAYERS 3 AND 49
C RA = FPESNEL COErFIC!ENT EASED ON SPITH'S THEOREM,
C RE = F;ESN!L CDE'FICZENT BASED CN SPITH'S TPEOREM,
C R614AG MAGNITUDE OF R5,
C DELPA = PHASE TF RA (SCLrc S3LUTION),
C 3FLNA m PHASE OF RA (DASHE: SOLUTION),
C DELP = PHASE OF RB,

CXT =VALUES OF TME THIRC LAYER THICKNESS FOR W4ICH
C CbIECKS ON THE EXISTANCE OF SOLUTIONS ARE MADE,
C XIPOS zLAYER I OPTICAL ThICKNESS (SOLID SOLUTION).

XINEG = LATER I OPTICAL TH4ICKNESS (CASHED SCLUTION),

C X2POS = LAYER 2 OPTICAL THICKNESS (SOLID SOLUTION),
C X2NE: LA~rR Z OPTICAL THICKNESS (DAS44ED SOLUTION)*
C X3 =LAY:RP ? OPT!CAL TmICKNESS.

C
DI'MENSICN X3( 500),XI DCSC50O),XINEG(SOO),XZPOSC5OO)

: 'N 5 1 C X2NES(500)
REALV*4 NO-tN,N,Nq4
CHARACTER*!5O tl.EADI

C
C REA: IN IN'JUT PARAMETERS. THE WAVELENSTH (MICRONS) AND INDICES
C OF R=FRACTICN SH3ULD BE STORED IN THE FILE -INOEX.DAT' PRIOR TO

C TXECuTI^-N.
C

OPEN(UIN!T1C,FILE--AN4TIREr.CAT'.ACCESS-'SEQjUEhTIAL's
* FCRA=OPrMATTFLSTATUS'N)

* FDRm FCPmATTECD'STATUS=DOLD)

PEAC1 1,10) WVLG!H
10 FO;P=TCF5.2)

REA:(11#20) NC

REArtII.2C) N1

RELOC11,20) N4
20 FOPO~A7F 6 .4)

C
C EALCJLATION CP- FPESK=EL COEFFICIENTS AT THE VARICUS INTERFACES.
C

RFGCNI-NO)/(NI4NC)
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C CALCULATION OF TN9 MOTJIONS (OR OF WPE XI AND XZ VALUES)
c FOR EACI- X3 VALUE.
c

J. I
X1 G.

c

C DEERvA:~'k If W4tETgfe A SOLLUTICN ExrSTS FOR THE PRESENT X'T
C VALUE. IF T-f2E :5 NC S:LUTION, T"FN X7 IS INCREMENTED UP 0T
C 0.001.
C

GCa TC 3C
ENC IF

C
C A SCLUTTION EXISTS SO X3 IS SET EQUAL TO XT. AND THE XI AND X2
c. VALUES ARE CALCULATE'.
C

X3(J)xXY
X1PCS(J)s C ./(4.*'I ))*ACOSCFUNC)
X1NESCJ)--X1PCS(j)

C
C DETERP.INSS W"E CUADIENT THAT PHASE ANGLE DELPA IS IN.
C

* DELNL~fP(-R1O*STN(A.SPI*X1POS(J)))*C1.-R21**2)
DELDE'NuS22.P21**Z*R10*(COS(4.*DI*X1POSCJ))).R1 0

**COS(4.*PI*X1P3S(J)).PZl*RlO**2
IFCDELDEN.EC.0.) GO TO 900
DELP AwATANCA ISCCELNLWIO/ELDEN))
lFCCSLNtJv.GT.0.) TALEN

1gCOELDEN.C.T.0.) CC TO 200
END IF
IF(CELNUM.GI.O.) THEN

IFCDELDE%.LT.C.) GO TC 1000
END IF
IFCCLNUIP.LT.O.) TH4EN

IFCCELDEN.LT.0.) GO TC 1100
EN^ IF
IFC0EL4LM.L7.0.) THEN

IFCOELE'EN.GT.0.) GO TC 1200
END If
;FCCELNUMI.EC.0.) THEN

lFCDELD=-h,.GT.O.) GO TO 130C
ZLSE

ZuCDELOEN.LT.G.) Go TO 2O00
M;O IF

900 9CCELOEN.SC..) THN
I COELhNUp.&T.O.) Go TO 1500

ELSE .
I CLNJA.LT.C.) GC TC 1600

END IF
1000 OELFPlA-V=LPA

GZ T3 2000
1100 rELPA:PIi'GELPA

GOC TL Zcla
1200 DELPA-2*0I-OE.PA

GO TO 20)0
1300 DELPAO0.

Go TO 200C
4400 DLLPA-01

GO TO 2000
I1,GO OLPAPI/2.

GO TO ZOOC
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DETZ'wl!-S THE CUIDRENT THLT P-ASE ANGLE DELI 15 IN.

*x3 (J))+R23A*R3'y*2)
lFCOFLO)EN.EC.C.) G: Tr 290n'
D ELB IAT A NC A?~ SC EL N U 0 0 LDEN))
:FCD=LL' .GT.0.) T.EN

VCZELE?.G'0.)SC TO 4000

IF(OELtUM."-.0.) TH$E%
FCDELZEN.LT.0.) G'- TO 3000

IF(CFLNL'M.L.0.) THEN
!cCO)ELO=N.LT.0.) GO TO 3100

;FC.ELNL.LT.0.) THEN
I~(DLD~.GTO.)GO TO 1200

:f-(2=LNLM.EC.0.) THEN
:F(OELOE=N.GT.C.) SO TO 3300

EL5OC
IFC0)ELO)FK.LT.0.) GC TO 3400

=.Nr :r-
2900 :F(DELOEN.EC.0.) ThTN

0 1rC: LNjv.G.C.) Sn I-, 3!3C
ELSE

:c(:Edf-UV.LT.c.) GC Yc ?600
ENZ 17

,0c To 40c0
3100 tLE=PI4E!Lr

GC T2 4000
32C. :EL~z2.*7I-DELa

GCO T: 4CC
3,00 O)EL?=.

GC 7O 40:0
34G0 LE.3-zv:

GC T: 4COO
*3506 CEL!=P:/2.

5C TO 4000
3600 CEL=(3.*PI)/O.
40CJ X2PS( J)=(!.,C./ )*OEP+E

0

DET:RP'ONAS THE QUADRENT THAT PHASE ANGLE DSLNA IS IN.
c

:E- =( +2***I*C0;4*P* ,ECJ))).R1C*COS(4.*P!*

IF(LzLSFN.EC.0.) GC TO 4iDC

IF CLLUM.GE .C.) THIE1
c(DELCEK.GT0) SC TJ 6C00

ENGi Ir
lF(CZLNU!A.CT.0.) T4~EN

I(OEE2~!LT.) Co0 TO 5000

:r(G:NL
M
.L.0.)To-E%
f(LOEN.T.0.) $ TO 5100

EN~. :c
:F(COEL'LM.LT.0.) TI-EN

:COEFLSEK.G'.0.) G TO 52)0.
;N: I!-
IF(CELNUP.ECO.) THEN

I~fEL~N~tT.0 )GC TC 5!30
ELSE

IrCCELCES.LT.O.) CC TO 540C
ENO IF
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4900 IFCZLELDEN.IC.0.) THEN
IFCO'LJFP.GT.0.) GO TO 5500

ELSE
IF(0ELJNUP'.T.D.) GO TO 5600

END IF
5000 OELtA-DI-OFLNA

GO TZ 6C00
5100 OEL#KA01+4LNA

GL TO eCOu
5200 DELNL=2.*P:-DELNA

GO 1T! 60CC
5300 DELhA=0.

GC TO 6000
5400 DELNA=Pl

G.O TO 6010
5500 DELNA=PI/Z.

GO TO 6000
5600 DELNA=(3.*P!)/2.
6000 XZNE iCJ)=(1./(4.*Pl) )*(CELrJA+OE=LE)

30 XT=XT*0.0C1
40 COJTINUZ

C
0 0O 42 I11J-2

Xl IdE 0(1)=l1NE OCX)+*0.*5
X2PZ;S(I)=X2PCSCt)-0.5

C42 CONTINUE

C THE OPTICAL TH!CKNESSES ARE WRITTEN TO THE FILE 'ANTIREF.OAT'.
C

4RIT=( 10. 3 )WVLSTH.9N),N1 N', N3,I%4
43 =CR?0AT(!X,'WAVELiNSTH = *5. 2, M:CR3N5,q/vIXq'0 - 964/

*1m,*N1 - *.F.4,/,lX.'42 , 'F6.4,.lX,'N3 a ,F6.4,.#,X9.4 -.
*r-6.4,///)
WaITEC10045)

4FORP.4T(3X,-X3,5X. XXIPCS%,3X,1XNEG%93X,'X2POS%93X,.XZNEG-.I)
WITEC1C,50)CX3(1),X1PZS(I),XINEG(l).X2POSC!),X2NEG(!).11,tJ-1)

C50 FC;MAT(lXt Fl-.4,1XP7.4,1XF7.4,IXPT.4,lXP7.4)

C PL:TTING SECT13N. (USES DISSOLA GRAPHICS.)
C

CALL C:MVRS
CALL PAGEU9.5,12.0)
CALL SWISSM
CALL S4CCH(90. .1,0.01,1)
CALL AREA2D(5.,5.)
CAL.L FRAM4E

C
C wk;77S AYIS LA3ELS AND THE PLOT MEACING.
C

CALL RESET'"XALF')
CALL XNAEU~x3 (Ouwrve1.nsths)$',100)
CALL YAMEU'Xi and 12 Cwrvolenqths)$S%100)
CALL MZXALF('L/CGR7EEK')
WR7T= (PEA' I, 50O) 4VLGTH

66 FO;V.ATC'Antirq'1o:tamc* Coping (0%' F4.29 '(M)m)s1)
CALL hEAZjMIRN(m!CHAD1), 100s 1.5, 1)
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- 'LAS ' AN[ X: VS. 3. A SQL:% CURVE FITTNG ROUTIME IS USED

[;-&L R&VL%(O)
Lf- T-9:RV(0.03)

CA LL. CUPV(13,XIOCS, J-I.C)
:&-L Cu yE(X 3,E?PCS, J-1,C)
CALL DAS'O
CALL CU;VE(X3,X1NEC.,J-1,0)

:ALL R=SET(':)S"M)
CALL FlYCOL(O)
CALL 00%rPL
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